A variety of studies have shown that human basophils are participants in allergic reactions and a recent study has indicated that it may even be important in the immediate reaction generally associated with a mast cell response. Therefore, it is important to understand how the function of these cells is regulated and whether the functionality has a relationship to the presence and severity of diseases like atopy. There are many indications that for IgE-mediated secretion, the regulation of syk expression is relevant to the broad distribution of outcomes observed in the general population. The factors influencing the expression of syk will be explored. In addition the outcomes of studies surveying signal element expression by various methods will be discussed.
INTRODUCTION
In humans, basophils and mast cells are believed to participate in allergic reactions. Most of the evidence for their participation is circumstantial as it is not yet possible to selectively eliminate both of these cells types and ask whether an IgE-mediated response is blunted. However, both cell types bear the high affinity IgE receptor and express internal granules that can be induced by aggregation of cell surface bound IgE to release histamine and both cell types can be observed in tissue sections and can appear degranulated. One missing piece of information is the relative contribution of the two cells types to an immediate hypersensitivity reaction but a starting point for considering this question is the relative presence of the two cell types and it is here that the answers already become nuanced. The evidence suggests that tissue bound mast cells survive for several months [1] [2] [3] [4] while basophils circulate for only 12 hours [5, 6] . If the bone marrow generated an equal number of basophil and mast cell precursors per hour, the difference in lifetimes would predict 100-150 fold more mast cells in the body. This prediction is likely true; with tissue studies suggesting 0.2-0.5 million mast cells per gram, a 70 kg man would have 14-35 billion mast cells. With 20,000-50,000 basophils per ml of blood, there would be 100-250 million basophils in circulation, or ca. 1/100 the number of mast cells. This simple calculation suggests that the bone marrow makes approximately equal numbers of both cell types per unit of time. There are several potentially important caveats. First, basophils in the bone marrow and tissue are not considered in the calculation. Second, basophils in circulation are already mature while mast cells mature in the tissue of their residence. Trafficking studies suggest that the mature circulating basophil is a rapidly mobilized mature cell that can enter and concentrate in tissue sites very rapidly [7] [8] [9] . While an equal number of mast cell precursors may be able to be recruited to the same tissue *Address correspondence to this author at the Johns Hopkins Asthma and Allergy Center, 5501 Hopkins Bayview Circle, Baltimore, MD 21224; Tel: 410-550-2145; Fax: 410-550-2130; E-mail: dmacglas@jhmi.edu sites, they are presumably not yet mature and would require some time before reaching maturity. It is this attribute of basophils that adds an interesting dynamic to all allergic inflammatory reactions.
A second feature of studying the basophil is its accessibility. While it would be useful to study both mast cells and basophils in patients, removing large pieces of tissue from any site is not possible except under duress. If one is interested in exploring the relationship between IgE-bearing, histamine-containing cells and clinical allergy, then the basophil is the cell of choice. This review will take the approach that basophils are both important to allergic reactions and present evidence supporting this view and also consider that basophils provide a window on the allergic condition. The viewpoint presented does not consider the newly developing field of basophil biology that implicates the basophil in modulation of the primary and secondary immune responses as these are topics that are relevant, for the moment, to the mouse and covered extensively in other reports.
BASOPHILS IN ALLERGIC REACTIONS
Some of the first observations that placed the basophil squarely in the middle of an allergic reaction came from the early experimental allergen challenges in humans. By instilling antigens into the nose, it became possible to monitor both mediators and cells in the resulting fluids that characterized an allergic nasal response. Washing the nasal cavities with saline recovered both mediators and cells. Once the reaction was monitored for longer than the first few minutes of the reaction it became clear that the reaction changed in time. Within minutes of antigen exposure, histamine and prostaglandin D2 were apparent in the nasal lavage fluids [10] [11] [12] [13] [14] [15] . Minimal numbers of cells other than epithelial cells were apparent. In vitro studies had, at the time of these first experiments, only recently noted that airway mast cells secreted both histamine and PGD2 while peripheral blood basophils did not secrete prostaglandins. Therefore, it could be concluded that either 1) mast cells alone or 2) both mast cells and basophils contributed to the initial reaction. However, at times later than 8 hours, and following a lull in measurable mediator production, the histamine content of the nasal lavage fluids increased a second time. But in this case, there was no PGD2. This pattern was consistent with the secretory profile of basophils and led to the hypothesis that basophils were the primary histamine-secreting participant of the socalled late phase reaction. There always remained the possibility that the stimulus during this late phase reaction was not antigen but a secretagogue that induced histamine release from mast cells but not PGD2 release. But based on in vitro studies, this particular profile of mediator secretion has not been found for human mast cells. When the cellular constituents of the nasal lavage fluids were eventually examined, it was apparent that there was a relatively selective recruitment of eosinophils and basophils into the reaction. It required some careful comparative techniques to be sure that the histamine-containing cell being observed was indeed the basophil but by a variety of criteria, the cell most closely resembled a basophil [14, 15] . At the time these initial studies were done, a selective marker of basophils had not been identified. Today, there are at least two antibodies [16, 17] that selectively identify basophils distinctly from mast cells. Studies in other tissues, notably the skin [7, 8, 18] , had also begun to identify a late-phase reactant cell as the basophil and when the antibodies that had been developed to selectively stain basophils were employed, the supposition was validated, basophils migrated into these late reactions.
In a study that has only recently been published [19] , a different approach to exploring the role of basophils in allergic reactions was employed. The new anti-allergy therapeutic, omalizumab, had been observed to decrease the expression of Fc RI on circulating basophils and tissue mast cells [20] . However, there was a considerable difference in the timing of these reductions in the two cell types, at least as observed in circulating basophils and skin tissue mast cells. Within the first week of omalizumab (monoclonal nonaggregating anti-IgE antibody) treatment, expression of Fc RI on peripheral blood basophils had decreased 90-95% and cell surface IgE had decreased to a somewhat greater extent. But Fc RI expression on skin mast cell biopsy samples had not decreased to a measurable extent (although the technique was relatively crude for tissue samples). The rate of decrease on mast cells was actually the predicted rate based on in vitro studies done both before and after these initial observations [21, 22] . Therefore, the rate of decrease in the basophils was surprisingly fast. There is now reasonable evidence supporting an explanation for this observation that will not be covered in detail here [23, 24] . This evidence supports a view that the change in peripheral blood basophils reflects the rapid rate of replacement of these cells and the slow rate in the skin reflects both the slow rate of mast cell replacement and the intrinsic long (T 1/2 = 10 days) dissociation of IgE from Fc RI [21, 22] . There was also a practical consequence; the peripheral blood basophil would be predicted to lose its functional response to antigen much faster than the mast cell. This provided a window of time during which patients being treated with omalizumab would, theoretically, respond to antigen only through their mast cells; the basophil would be functionally removed from the reaction. The results of this initial study were somewhat surprising. After starting a patient on omalizumab, the specific antigen-driven response of basophils was monitored weekly and when it fell to less than 20% of its initial response, the nose of the patients was challenged with antigen and symptoms and PGD2 release monitored. At this point, which occurred between 14 and 45 days, it was found that PGD2 in nasal lavage fluids was unaffected, as predicted (i.e., the mast cell remained responsive). But clinical signs and symptoms were decreased by approximately 50% (compared to no change in placebo-treated controls). These results suggest that even the immediate nasal response was being partially mediated by basophils (or more properly, being mediated by a process that mirrored in time the decreased responsiveness of peripheral blood basophils).
These various clinical studies have provided substantial support for the view that the effector role for basophils is significant in immediate allergic reactions. Since the basophil is relatively accessible, it becomes useful as a bio-sensor of the in vivo environment that regulates the allergic diathesis. The remainder of this review will focus on studies which explore this "bio-sensor", i.e., whether there are characteristics of basophils that have a connection with clinical outcomes or in more modern parlance, whether there are signature phenotypes of basophils correlated with allergic disease states.
BASOPHIL PHENOTYPES
The notion of granulocyte plasticity or phenotype related to allergic diseases was first found in studies of eosinophils. During the isopycnic separation of eosinophils it was noticed that a sub-population of eosinophils were hypodense, i.e., they floated on gradients where eosinophils normally pelleted [25, 26] . The proportion of eosinophils that behaved with this characteristic was considerably greater in patients with marked allergic disease (severe rhinitis or more likely allergy with asthma). Subsequent studies have provided some support for the hypothesis that this condition results from exposure of circulating eosinophils to cytokines or stimuli [27, 28] . There have been some indications that basophils experience a change in specific density in some subjects [29] but the relationship to disease is not well explored or very clear. In contrast, a well recognized, but thus far unexplained, characteristic of some subjects' basophils is enhanced spontaneous histamine release after isolating the cells from blood [30] [31] [32] [33] . There remains considerable debate about the behavior of the cells in vivo because current data suggest that the spontaneous release only occurs when the cells are removed from the blood itself. Precise measurement of the histamine content per basophil is difficult, but no one has clearly detected a circulating basophil that is depleted of histamine content. The phenotype of the basophil appears to be sensitive to isolation and establishes a state whereby exposure to simple calcium-containing buffers allows some histamine release. The amount of spontaneous release one observes from an individual's isolated basophils has a relationship to the disease status. Spontaneous release is associated with food allergies in adults and children and there is a graded degree of spontaneous release that correlates with some metrics of asthma+allergy severity [30] [31] [32] [33] [34] . The mechanisms underlying the spontaneous release remain un-known but there is now considerably better understanding of the some of the regulatory signaling in basophils and this will be discussed below.
Histamine release is certainly the most studied attribute of human basophils. This is the first mediator to be identified with basophils and although the technology for its measurements takes many forms, some of which are cumbersome, it has now been studied for decades. But there are now many possible outcomes to examine and the field is slowly expanding into the use of these alternative outcomes to examine the hypotheses revolving around basophil phenotypes or signatures. Several examples include 1) arachidonic acid metabolism, which in the human basophil is most likely solely represented by the production of LTC4 [35] [36] [37] ; 2) cytokines (e.g. IL-4, IL-13, IL-3) [38] [39] [40] [41] , chemokines (e.g., MIP1 ) [42] and growth factor release (e.g., VEGF) [43] which are slow reactions that do not need to strictly correlate with histamine release; 3) activation markers, proteins that are expressed on basophils under various forms of stimulation; 4) adhesion of basophils to various substrates including endothelial cells [44] ; and 5) changes in signaling species and granule contents [45] . Under the category of activation markers, there are at least six currently identified, CD63, CD203c, CD107a, CD107b, CD163 and CD13 [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . CD63 is one of the earliest studied and has the most detailed history thus far. It is particularly interesting because there is evidence that CD63 is a histamine granule membrane protein so that its appearance on the basophil surface was initially thought to be a surrogate metric of degranulation or histamine release [57] [58] [59] . However, expression of CD63 is not synonymous with histamine release. Recently published studies from this laboratory [60] have proposed a possible explanation for the discordance that relies on the extensive observations that histamine release in human basophils follows two distinct pathways [61] [62] [63] [64] [65] . The form that allows granule fusion to the plasma membrane, so-called anaphylactic degranulation (AND), would likely allow CD63 expression since the membranes of the two compartments fuse and this does seem to be the case. The second method involves the shuttle of small vesicles between the granule and the plasma membrane, so-called piecemeal degranulation (PMD). These vesicles have been shown to contain histamine. It is postulated that they do not, however, shuttle CD63. There is some evidence to support this claim and there is evidence for two mechanisms to regulate which pathway is used. So, the discordance between CD63 expression and histamine release may occur because different conditions favor one of two possible pathways to get histamine out of the cell and increased CD63 only occurs with one pathway (AND).
The second most studied marker is CD203c and is interesting because its expression is largely limited to mast cells and basophils. But this marker can be clearly dissociated from degranulation and it is proposed to occupy a different compartment in cells, a compartment that is rapidly mobilized during various types of stimulation, including stimulation with IL-3 and phorbol esters.
Among the many efforts to find basophil phenotypes that associate with disease, the primary focus has been on stimulated release and for stimulation, the primary method has been through the IgE receptor because of its relevance to atopic diseases. But it is probably important to consider the many other methods of stimulating basophils especially if the phenomenon of spontaneous release is to be understood. There are a variety of innate receptors, such as FMLP and C5a, that are very active on basophils and several less wellstudied receptors that can also induce mediator secretion [66] . Not all secretagogues induce secretion of all types of mediators, so the profile of mediator release might be a way to query the type of stimulation the basophil experienced. This approach is complicated by the fact that cytokines also induce a wide variety of changes (see below) some of which appear to result in mediator release, but also which modify the profile of mediators released. A well-studied case is the effect of IL-3 on C5a-induced secretion [67] [68] [69] [70] [71] . In the type of basophil typically isolated from the peripheral blood of non-atopic subjects, C5a does not induce either LTC4 or IL-4 secretion. However, pre-incubation with IL-3 acutely increases the C5a-mediated secretion of LTC4 and longer treatments with IL-3 allow C5a-mediated IL-4 secretion.
The "signature" that has been explored by several groups is the relationship of IgE-mediated stimulation with atopic diseases. This is a complicated area because there are 1) technical differences in how IgE-mediated stimulation is done, 2) differences in the processing of cells, 3) differences in the nature of the stimulus and stimulation conditions, to name a few issues. So, there are mixed conclusions in the literature. Several studies have found differences in the ability of pan-IgE stimuli, like anti-IgE antibody, to induce histamine release from basophils of atopic patients vs. nonatopic patients and particularly, differences between nonatopic subjects and patients with asthma and allergies [72] [73] [74] [75] [76] . But the differences are sometimes not very marked and do not seem to offer a clear explanation for the causal link between the function of a histamine-containing, IgE-bearing cell and disease. It goes without saying that the association could be a result of or the cause of atopic disease. In profiling the general population for IgE-mediated histamine release, it is noted that the statistical mode of the distribution is somewhat less than 50% histamine release, i.e., in general, the cell is tuned to not secrete everything even under conditions of maximal stimulation. But there lie some subpopulations within the generally Gaussian-like population distribution. Most notable are the basophils that don't secrete in response to anti-IgE antibody, the so-called non-releasers [77] . These basophils do secrete to non-IgE-dependent stimuli, so the non-releaser condition is selective for IgE-mediated stimulation. However, it is not strictly selective for Fc RI because it has recently been found that stimulation through the LILRA-2 receptor is tightly associated with the functional outcome for Fc RI-mediated stimulation [78] . A variety of studies lead to the conclusion that there is an intrinsic deficiency in these cells that bears some exploration. This will be covered in detail below as it forms the basis for rethinking the nature of the basophil phenotype. However, it is also worth noting that the validity of the association or the precise influence of the basophil on the severity of a patient's atopic disease is not the only interesting aspect of this set of observations. The breadth of the response in the general population raises questions about how it comes about because understanding the genesis of the distribution may provide insights into the natural and pathological states in vivo.
There are two additional phenotypes that have been noted in patients with atopic diseases. The first of these may have a relationship with the spontaneous release behavior. When nasal lavage fluids were first being obtained, they were tested for their ability to induce secretion from basophils. It was noted that they contained a substance that would induce histamine release that was IgE-dependent [79] . While there are also chemokines in these lavage fluids that can induce secretion [80, 81] , the substance that was ultimately isolated was a unique factor, a protein with some cytokine-like characteristics, that was simply called histamine-releasing factor. The protein has been cloned [82] and the cloned protein retains the interesting characteristic of being dependent on the presence of IgE on the basophil surface. However, only certain IgE antibodies allow the basophil to respond to this factor [79] which has been identified as TCTP (translationally controlled tumor protein), a protein that also has an intracellular role. There is no evidence that it binds to IgE directly (e.g., it is not an antigen) [83] . The association with disease is two fold. First, the type of IgE that can confer to a sensitized basophil the ability to respond to HRF only comes from certain kinds of patients. Notably, children with food allergies have the correct type of IgE [33] . The nature of the IgE that allows this biological behavior is still unknown [84, 85] . In addition, HRF induces secretion from basophils of these patients only during the active phase of their disease. A food-elimination diet that induces a reduction in the patient's disease also reduces the responsiveness of the patient's basophils to HRF. Patients with more severe forms of allergic disease also generate the correct type of IgE and have basophils that are sensitive to HRF.
The second instance of a non-normal basophil phenotype is found in patients with chronic idiopathic urticaria (CIU) [86, 87] . Approximately 50% of patients have basophils that are nearly unresponsive to IgE-mediated stimulation. This phenotype is reversed when the patients' urticaria is in remission. There is an extensive history to the study of basophils in patients with urticaria and one popular hypothesis is that some of these patients have circulating antibodies specific for either IgE or Fc RI [88] [89] [90] [91] [92] [93] [94] . While this would seem a discovery with strong explanatory power, it has become clear that this is a situation that is common in many individuals [94, 95] . Some studies have noted that non-atopic subjects have levels of these antibodies equivalent in frequency and quantity similar to patients with CIU. Therefore, more recent studies have turned to a search for a change in the basophil's intrinsic secretory machinery for an explanation of the blunted secretory phenotype (although not necessarily a cause of the disease).
SECRETORY MECHANISMS
To properly understand the basis for basophil phenotypes, as they relate to any type of stimulation, it is necessary to know about the signaling mechanisms that lead to secretion or other activation endpoints. This area of study is largely pioneered by work in non-human cells and lagging greatly behind these efforts are studies of human basophils due to their limited availability. As the story has evolved, the similarities between non-human basophil models (RBL cells, bone-marrow-derived mast cells, cell lines or rat peritoneal mast cells) are, of course, marked. But there are important differences as well; those that may relate more to the differences between mast cells and basophils and those that relate to species differences. The canonical framework for both Fc RI-mediated and heterotrimeric receptors like FMLP are similar. For Fc RI, the receptor must be aggregated, or at a minimum, its proximity to other Fc RI receptors established by various means. As an immunoreceptor, the aggregation induces the association of various early tyrosine kinases that both phosphorylate the receptor to induce the formation of a reaction complex and phosphorylate reaction complex proteins. The src-family kinases and the ZAP70-family kinase, syk, form the early reaction. It is the involvement of syk that will form the basis for the majority of the remaining discussion.
Syk is an immuno-receptor tyrosine kinase in every type of white blood cell, although there are cells like the T cell where the other family member, ZAP-70, is critical in a subset of T cells, the T cells [96] . A variety of studies, using non-human and human models (basophils and mast cells) have shown that IgE-mediated functions are entirely dependent on the presence of a functional syk [97] [98] [99] . For human basophils, there is a very interesting metric whose precise significance is not entirely clear. Basophils express a median of 110,000 Fc RI/cell in the general population and around 150,000/cell in the atopic population (reflecting the somewhat higher level of IgE in the atopic population). But basophils only express approximately 25,000 syk molecules per cell [100] . This leads to a ratio of 1:5 to 1:6 for syk/Fc RI, i.e., at least from the perspective of a pan-stimulus like antiIgE antibody, syk is expressed in rate-limiting amounts. With the exception of T cell (where syk is possibly not present even at an extremely low level), the basophil is unique in this expression level, all other leukocytes express 5-30 fold more syk per cell (Fig. 1) [100] . Given the importance of syk in the functionality of Fc RI, this differential expression pattern is interesting for its implications. In a survey of 20 signaling elements that are known to participate in the early steps of IgE-mediated signaling, the only element whose expression levels were as broad as IgE-mediated histamine release in the general population was syk (Fig. 2) [100]. Furthermore, the level of syk expression was well correlated to the magnitude of histamine release induced by anti-IgE antibody. Taken together with the low expression levels, relative to other leukocytes, it is tempting to speculate that the expression of syk is "tuned" to provide a level of function that lies near the threshold for responsiveness. This threshold is revealed by stimulation with a pan-stimulus like anti-IgE Ab but in a typical patient, only 1% of the IgE is specific for a given antigenic epitope. Therefore, it is less clear how its limited expression alters the antigenic response where there may be 1500 antigen-specific IgE per cell and 25,000 syk molecules. It is known that the maximum amount of histamine release that can be achieved with antigen is not substantially better than that achieved with anti-IgE Ab [100, 101] ; i.e., in terms of absolute release, the global ratio of syk to Fc RI appears relevant. It is not clear why this would be true but one possibility is that at resting levels, there is some association between syk and non-aggregated receptors that effectively acts a "sink", creating an additional limitation on Fig. (1) . Syk expression in leukocytes, including CD34+ progenitors and 3 week CD34-derived basophils. Fig. (2) . Population variability in syk expression in human basophils. Top panel: coefficient of variation from a study of 28-35 subjects basophils (ca. 20% atopic). Included in the plot is the CV for the optimal IgE-mediated release (maxHR). The dotted line is the expected CV for the methodology used to assess each signaling elements' expression. Bottom panel: correlation coefficient between the expression of a signaling element and maximum histamine release (maxHR). In this study, a statistical analysis placed the confidence limits for p<0.05 significance between -0.451 to 0.295. Therefore, only the positive correlation for syk and the negative correlation for BOB1 were significant. the availability of syk during an antigen-driven aggregation reaction. It is also known that the expression level of syk also tunes the sensitivity of the basophil, i.e., the density of specific-IgE required for a half-maximal response [100, 101] . While the statistical association is not as strong as the relationship to the magnitude of the response, in this context, the level of syk expression does appear to regulate the ability of antigen to induce a response. If the statistical relationship between syk expression and the maximum IgE-mediated histamine release is relevant, then the statistical association between maximum histamine release and atopy or atopy with asthma suggests that expression of syk is associated with atopy. The question now being addressed is whether syk expression is a result of the in vivo conditions or a cause of potentially heightened pathological responses. The answer to this question begins with what is known about the regulation of syk expression.
REGULATION OF SYK EXPRESSION
Despite the critical role that syk appears to play in many immuno-receptor-mediated reactions, there is very little that is understood about its regulation. For example, regulation at the level of gene transcription has not been extensively studied. There are ca. 700 SNPs identified with the syk gene (using the gene boundaries defined in Genebank) but no associations with disease have been explored. No specific transcription factors have been identified although recent studies of tumor cell progression have noted an association with syk expression and silencing of the gene [102, 103] . Complete silencing represents an extreme form of regulation that is probably not relevant to the graded expression levels being considered (although possibly relevant to silencing in T cells). In the study of human basophils, the issue can be split into three areas that have received some attention, 1) transcriptional control, 2) post-translational processing and 3) translational control.
As part of the recent survey of signal element expression in basophils it was noted that there was a modest distribution in syk mRNA among subjects' basophils that showed a modest correlation with syk protein expression levels [104] . This would imply some control of syk protein levels by a process that regulated syk mRNA levels, either through transcriptional regulation or changes in mRNA stability. It has also been noted that the mRNA for syk is under relatively dynamic control because treatment with actinomycin D results in its decay at a rate that is as fast as the decay in IL-4 mRNA observed after its induction following stimulation [96] . The implication is that syk mRNA is a relatively unstable species and its steady state presence in mature peripheral blood basophils requires continued transcriptional activity. These survey study results also suggest that these levels of syk mRNA have contributed to the expression of the protein. But this association is limited because there are also indications that despite the presence of significant levels of syk mRNA in peripheral blood basophils, little syk protein is being synthesized. The underlying issue is whether a mature peripheral blood basophils synthesizes proteins at rates that are similar to their immature bone marrow counterparts, i.e., during the final step in maturation, is there a global change in protein synthesis or are there specific changes in some proteins? This issue will be considered in the discussion on post-translational control.
The levels of syk mRNA can be manipulated in vitro. For basophils, IL-3 is a primary regulator of development and function. For reasons not yet understood, IL-3R is expressed on basophils at densities that markedly exceed the densities of cytokine receptors typically observed on cells. IL-3 is thought to be required for adequate basophil development although studies in mice suggest that basophil development occurs without IL-3 [105] [106] [107] [108] . But, IL-3 does alter the frequency of progenitor development into basophils. Whether IL-3 modulates development in humans in the same way is not known. But many studies have demonstrated the significant effects of IL-3 on the behavior of mature peripheral blood basophils. The effects are global, cell survival increases and the basophil's responsiveness to all known stimuli is enhanced. This enhancement occurs on 3 time scales. The earliest time scale, minutes, results from some rapid signaling modifications such as activation of the MAPK pathways and the cross-over effects these changes have on other forms of stimulation [67, 109] . The remaining two time scales required 12-24 hours or several days and depend on transcription [67] . In this context, IL-3 has been shown to increase the levels of syk mRNA [110] . It has not been determined if transcriptional rates of the syk gene are enhanced (actinomycin D suppresses all the late IL-3 functions [67] but inhibition of the early transcriptional events might be sufficient to disallow later changes that result in syk mRNA increases). In parallel, levels of syk protein are increased [100, 110] . The change in syk expression is not unique, however. A variety of signaling species relevant to IgEmediated signaling are also increased following multi-day incubations in IL-3. Several that are increased to a greater extent than syk are also known to suppress signaling and one that has been noted to increase, c-cbl, is thought to directly down-regulate syk expression through its ubiquinylation activities [111] .
In the context of human basophils, post-translational control of syk has received the most attention. Activation of the IgE-receptor results in multiple down-regulatory behaviors that serve to limit secretion. One of these down-regulatory processes results in the down-regulation of syk expression. Although not demonstrated with direct experiments in human basophils, it seems likely that the mechanism involves the association of the c-cbl with the early reaction complex [111] . As an E3-ligase, c-cbl mediates the ubiquinylation of its target proteins. In this situation, syk in ubiquinylated multiple times and eventually lost to proteasomal degradation [112] [113] [114] . A property of this process that has implications for the regulation of syk is that it occurs at levels of stimulation that do not result in mediator release [111, 115] . The process appears integrative since long periods of low level stimulation result in progressive loss of syk. It is also interesting that syk need not be active, although it does need to be recruited to the complex, for down-regulation to occur [116] . The evidence favors the view that c-cbl is recruited by phosphorylation steps that are dependent on src-family kinases, not syk itself and once recruited, c-cbl is able to mediate ubiquinylation of syk even though syk itself is not enzymatically active [99] . This process of syk down-regulation is highly variable among individuals [78] and the reasons for the differences are not yet understood. In addition, other stimuli that use syk as an early signaling kinase also induce loss of syk, although the loss doesn't appear to be as robust [78] . There is also evidence that a receptor, FMLP-R, that does not use syk for signaling can mediate a very modest loss of syk, possibly because FMLP also induces some c-cbl phosphorylation. Although there are individuals whose Fc RI-activated basophils don't down-regulate syk very well, the majority of basophil preparations show >75% down-regulation with activation. Fig. (3) shows that of 25 signaling elements surveyed only syk is lost upon IgEmediated stimulation to a significant degree. Therefore, this mechanism provides one significant way that syk expression may be selectively regulated. Before, making note of possible translational control mechanisms, it is useful to discuss the implications of posttranslational mechanisms. The integrative nature of syk down-regulation with sub-optimal stimulation suggested the next series of experiments. First, it was noted above that syk expression in other leukocytes is generally much greater than its expression in basophils, 10 fold greater on average. This condition applies to CD34 progenitors and the basophils that can be derived from CD34 progenitors. Incubation of CD34 progenitors with IL-3 for 2-3 weeks results in cells that are phenotypically similar to basophils [96, 117, 118] . The resulting cell is not always a "perfect" basophil but it does have many properties that are associated with mature peripheral blood basophils, notably, expression of Fc RI, FMLP-R, IL-3R, histamine-containing granules (1.3 pg/cell), alcianblue positivity, expression of CD203c and significant IgEand FMLP-mediated histamine release. Morphologically, a significant percentage of the cells have bi-lobed nucleus but there are also many cells that are large and not morphologically similar to mature basophils. In addition, on average, these cells express 11-fold more syk than a mature basophil. The expression level of syk in CD34 progenitors is similar to neutrophils and eosinophils, implying that to derive a neutrophil or eosinophil, no change in syk expression is necessary (see Fig. 1 ). To generate B cells or NK cells from a CD34 progenitor, only modest decreases are necessary and to become monocytes or dendritic cells, syk must be modestly up-regulated. But to become a basophil, syk must be markedly down-regulated. But if even the CD34-derived basophils show levels similar to neutrophils and eosinophils, it is not known whether this implies that under normal conditions, that this is the preferred state of expression in mature basophils. It may simply be a flaw in the method used to generate basophils in culture. Nevertheless, under the assumption that this was a natural state, the cells were chronically stimulated during development and the cells examined for phenotypic changes. A priori, it is not clear what would happen because the stimulus would be present even as the CD34 cell began to express Fc RI; would the signaling machinery be present or similar in behavior at these earliest steps in maturation? The hallmark similarities between basophils from different subjects is the general similarity in histamine content, alcian blue staining and expression of Fc RI (normalized for the different IgE levels in serum). When CD34 progenitors were stimulated with an IgE:anti-IgE mixture from day 0 to day 21, the resulting cells showed a marked suppression of syk expression but were indistinguishable in terms of alcian blue staining, Fc RI expression or histamine content [96] . The suppression of syk was bimodal, with approximately 50% of the cells showing syk levels similar to peripheral blood basophils. The cultures were asynchronously generating basophils and the timing of the down-regulation suggested that relatively immature basophils did not down-regulate syk; this machinery possibly required a somewhat more mature basophil. The general conclusion of this study was that non-stimulated basophils do not down-regulate syk expression and that chronic stimulation does result in syk down-regulation and a cell that is otherwise phenotypically similar to cells not subjected to chronic stimulation (Fig. 4 summarizes the conclusions of this study).
These studies also made note of the fact that the level of mRNA in a day 21 CD34-derived basophil was about 1.5 fold greater than a peripheral blood basophil. However, these cells were cultured in IL-3 and if peripheral blood basophils are cultured in IL-3, their syk mRNA levels are actually more similar to the progenitors since IL-3 results in about a 4 fold greater level of syk mRNA. If there is so much syk mRNA available in an IL-3 treated peripheral blood basophil, why isn't syk expression more similar to the progenitors? It is possible that the steady state of syk expression is perturbed by either a change in constitutive synthesis or constitutive degradation. Youssef et al. proposed that syk in human basophils is rapidly degraded because incubation of the cells with proteasomal inhibitors rapidly and markedly increased syk expression (although, based on the published changes, not to levels observed in other leukocytes) [119] . We were unable to find this effect with proteasomal inhibitors (although we did note that these inhibitors altered the presence of ubiquinated species of syk following IgEmediated stimulation) and also found that incubation cycloheximide did not alter the expression of syk [111] . If syk could be up-regulated so quickly by blunting degradation, the implication is that synthesis is fast and possibly similar to other leukocytes (or CD34 day 21-derived basophils). Therefore, the absence of an effect of cycloheximide suggests that synthesis is not rapid. To follow this chain of logic, our own data suggest the hypothesis that translation of the available syk mRNA is curtailed in mature basophils. Unpublished metabolic labeling studies do indeed suggest that syk is poorly synthesized in mature cells. If so, then these experiments suggest that there is either specific or global suppression of syk synthesis in a mature cell and this possibility leads to the many possible ways that mRNA translation can be controlled, e.g., miRNA regulation. But further work is needed to clarify the processes that are operative.
The studies of syk expression in chronically stimulated CD34-derived basophils suggested that in normal individuals, there is some level of chronic stimulation by a ligand that requires syk activation. In atopic subjects, it is possible that antigen circulates and provides an IgE-Ag-mediated stimulation of maturing basophils. But this possibility doesn't explain the similarly low levels of syk expression in basophils in non-atopic subjects. However, one proposal has been that circulating anti-IgE or anti-Fc RI antibodies could influence syk expression in developing basophils. As noted above, these antibodies were first thought to be pathological and causative agents in chronic idiopathic urticaria but subsequent studies have shown that they are present in nonatopic subjects without evidence of any disease. The level of syk expression is highly variable and it may be that this variability is a reflection of the highly variable presence of antiIgE or anti-Fc RI antibodies with aggregating potential. This has yet to be determined but in the interim, a related experiment was performed. Treatment of patients with omalizumab (non-aggregating anti-IgE antibody) results in marked suppression of circulating free IgE and a concomitant suppression of Fc RI density on basophils and mast cells. Therefore, if chronic stimulation through either IgE or Fc RI is normally active in patients (by whatever IgE-mediated mechanism, circulating antigen or anti-IgE/Fc RI antibodies), this level of chronic stimulation would be suppressed in patients treated with omalizumab. Based on the CD34 studies, the prediction would be an increase in syk expression. This prediction is counter-intuitive because it is known that treatment with omalizumab reduces antigen-induced histamine release in human basophils. Furthermore, one might expect, although it has not been formally demonstrated, that the cytokine environment in these patients would be shifted away from a Th2-like state. In other words, it is not unreasonable to expect that there would be less IL-3 (or similarly acting cytokines) present. The results of this experiment did follow the prediction based on the CD34 studies, syk expression levels in circulating basophils increased 1.5 to 2 fold [24] . In concert, histamine release induced by anti-IgE antibody also increased 1.5-2 fold. It should be noted that antigen-induced release was suppressed, as previously shown, but this is likely the consequence of the marked suppression in IgE and Fc RI expression. But these studies noted that while both cell surface IgE and Fc RI were suppressed in this study, the level of suppression still produced a cell with more than enough IgE/cell to initiate a robust response provided all of it were crosslinked (a condition satisfied by the stimulation with anti-IgE antibody in vitro). While syk levels increased in the basophils, the expression of c-cbl did not. In addition, there was no change in histamine content, no change in the response to FMLP and a decrease in the ratio of FcR :Fc RI . Previous studies have noted that the expression of FcR is sensitive to the presence of IL-3 and a reduction in the relative presence of FcR could be interpreted as a decrease in the presence of IL-3 (or a cytokine with similar influence) in the environment of the basophil. Even if this interpretation is stretching the observation too far, the combination of the various observations about c-cbl expression, the FMLP response and FcR expression do not point to an environment of increased IL-3, which might also increase syk expression.
This study also noted that there were no statistically significant changes in syk expression in dendritic cells, providing some support for the effect being selective for basophils. In addition, the degree of up-regulation was a strict function of the starting level of syk expression. An extrapolation of this relationship predicted that the optimal level of syk expression could be about 1/5 of a CD34-derived basophil. This level is very similar to the level of syk expression in human lung mast cells. Taken together with a variety of evidence, these results led to the proposal that a developing basophil naturally suppresses syk expression about 5 fold and that in the presence of chronic stimulation can eliminate the remaining expression. In other words, there is a transcriptional component to maturation and a post-translational component. This proposal necessarily claims that in vitro generation of basophils from CD34 progenitors (without chronic aggregation) does not generate a cell with the full phenotype of peripheral blood basophil, i.e., at least one mechanism would not be operative, the 80% reduction in syk expression.
ASSOCIATIONS WITH OTHER SIGNALING SPE-CIES
In the sections above, a very specific set of hypotheses regarding IgE-mediated secretion and the involvement of syk expression were explored. But the phenotype of basophils found in patients with various atopic conditions does not necessarily follow this chain of logic. For example, in patients with chronic idiopathic urticaria, the level of syk expression does not track well with the responsiveness of the basophils [87, 120] although there are exceptions. Likewise, in cells that are sensitive to stimulation with HRF, syk expression levels are not explanatory [121] . In these conditions, the level of SHIP expression is a better predictor of the basophil response. SHIP is a phosphatase that specifically metabolizes phosphatidyl-3,4,5 inositol phospholipids (PIP3) to their PIP2 form, removing an important recruitment lipid from the membrane and reducing cellular responses in the process. SHIP is recruited to the membrane in human basophils during stimulation and the kinetics of signaling cascades that are dependent on the presence of PIP3 are consistent with this recruitment [122, 123] . No formal demonstration that SHIP modulates these pathways has been made in human basophils but studies in other cell models [124, 125] support this perspective. For basophils sensitive to stimulation with HRF, SHIP expression levels are lower than found in the general population [121] . Indeed, it is remarkable that a survey of the general population does not really observe levels as low as found in basophils from this kind of subject. The kinetics of the PIP3 dependent signaling step, phosphorylation of Akt, is consistent with the relative absence of SHIP, i.e., phospho-Akt signaling is relatively sustained [123] . In contrast, basophils of CIU patients that show suppressed IgE-mediated response show higher levels of SHIP, although the better predictor was the level of SHIP2 [120] , a variant of SHIP that has not been well studied in human basophils [122] . There are also no studies of SHIP expression regulation to help understand how the phenotypic state of these basophils is achieved.
SIGNATURES: THE GENERAL APPROACH
The various phenotypes being explored in atopic patients might not be dependent on IgE-mediated signaling. The vast set of receptors that basophils express could provide a means to generate basophils with different circulating phenotypes. One possible way that this problem could be approached is by not proposing a specific hypothesis but by exploring the state of the basophil, searching for a "signature" of disease phenotype. This has only recently been attempted because basophils are generally not available in quantities sufficient for the various screening methods. For example, proteomics is out the question, requiring tens to hundreds of millions of cells for a deep exploration of the proteome (i.e., to characterize the less well expressed proteins, which usually includes all the interesting signaling proteins). In recent years, transcriptosome microarrays have become sensitive enough to perform selected surveys. For example, Youseff et al. explored the phenotype of basophils stimulated with anti-IgE for short periods and examined the resting (and stimulated) signature of non-releasing basophils [76] . These studies were interesting for the relatively modest changes induced in basophils with anti-IgE antibody and the very subtle differences between the non-releasing and releasing phenotypes. Our own microarray results for short periods of stimulation are qualitatively similar with a few exceptions regarding which transcripts are increased (e.g., we don't observe changes in the subunits of Fc RI). But most notable in the entire data set, at least relative to changes observed with other methods of stimulation) are the very modest changes. For example, there were only 13 transcripts that changed greater than the Bonferroni-corrected thresholds established for these particular arrays. The results from the Youssef study on non-releasers was also notable for very little observed differences in transcripts for a wide variety of signaling species. This is consistent with the protein survey where the population distribution of expression for all but syk were statistically identical (within the expected error for the Western blotting technique) [100, 104] . The results of the Youssef survey were a first step in profiling basophils and have not yet progressed to evaluation of basophils from patient phenotypes. Such a study is currently underway.
SUMMARY
While there is considerably more known about signaling in human basophils, there are many unexplored pathways. Nevertheless, some of this research has already provided some tantalizing clues into the origins of basophil phenotypes that may have relevance to understanding atopic diseases. Recent studies have also pointed towards the need to understand more about the developmental pathways of basophils and how modulation of signal element expression during maturation may impinge on the cells that are routinely studied from peripheral blood. In some of these studies, there are indications that the circulating basophil may act as a sensor of events that might occur during its maturation.
